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ABSTRACT: Establishing a blocking layer between the
interfaces of the photoanode is an effective approach to
improve the performance of dye-sensitized solar cells
(DSSCs). In this work, HfO, blocking layers are deposited
via atomic layer deposition (ALD) onto tin-doped indium
oxide (ITO) and TiO,. In both cases, addition of the blocking
layer increases cell efficiencies to greater than 7%. The
improved performance for a HfO, layer inserted between the
ITO/TiO, interface is associated with an energy barrier that
reduces electron recombination. HfO, blocking layers between
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the TiO,/dye interface show more complex behavior and are more sensitive to the number of ALD cycles. For thin blocking
layers on TiO,, the improved device performance is attributed to the passivation of surface states in TiO,. A distinct transition in
dark current and electron lifetime are observed after 4 ALD cycles. These changes to performance indicate thick HfO, layers on
TiO, formed an energy barrier that significantly hinders cell performance.
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B INTRODUCTION

Dye-sensitized solar cells (DSSCs) boast low manufacturing
cost, ease of fabrication, and good adaptability to various
substrates. Among the different types of solar cells, DSSCs are
unique since electron transport, light absorption, and hole
transport are each handled by different materials in the cell.'
DSSCs have the potential to replace conventional Si-based solar
cells, especially in low-light situations.” Enhancing cell efficiency
is critical for the advancement of DSSC technology since their
conversion is currently relatively low compared to other types
of solar cells.

A DSSC is an electrochemical cell that typically consists of a
mesoporous TiO, nanoparticle layer coated with a photoactive
dye on a transparent conductive oxide (TCO) substrate as the
photoanode, a platinized TCO as the counter electrode, and a
liquid I"/I;~ redox couple as the electrolyte. The efliciency of
the cell is largely determined by the injection of electrons and
their transport through the photoanode. The operation of the
DSSC requires that the TCO, TiO, nanoparticles, dye
molecules, and the I"/I;~ redox couple all be in direct contact
with each other. This direct contact facilitates fast electron
injection from the dye to the TiO, and then subsequently to
the TCO upon illumination. While intimate contact is needed
between all components, the back-reaction of photogenerated
electrons at each of these interfaces can also occur.”® These
back reactions or electron recombination processes limit the
performance of DSSCs.>™ Therefore, engineering and
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controlling these interfaces are critical to the development of
efficient DSSCs.

Several approaches have been explored to reduce these
recombination processes. Nanowire-based photoanodes in
DSSCs have been reported to enhance charge transport due
to the presence of a radial electrical field within the nanowires.’
This radial electrical field helps to draw electrons away from the
surface, thereby, reducing electron recombination processes.”®
Other studies have focused on modifying the electrolyte
solution. Song et al.” added cyclodextrins to the electrolyte to
form complexes with the triiodide ions that reduced electron
recombination and increased DSSC efficiencies. Research has
also shown that establishing a dense and compact blocking
layer between interfaces of the photoanode can suppress
electron recombination. Ceramics with high band gaps, such as
HfO,, "' ALO,>'>"* §i0,'%" Nb,0,'* MgO,'S and
Zr0,,"*'° have been used as the blocking layer. TiO, blocking
layers established by sol—gel methods (e.g, TiCl, treatment)
are also effective in improving cell efficiencies.'”'® However,
coatings formed by sol—gel method are often porous and
nonuniform in thickness, which greatly reduces their
effectiveness and reliability."” Atomic layer deposition (ALD)
circumvents the drawbacks of sol—gel processing and is able to
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Figure 1. Top panel: Schematic of the three types of photoanodes fabricated. (a) Control consisting of TiO, nanoparticles on ITO; (b) TCO
blocking layer consisting of HfO, deposited on ITO; and (c) TiO, blocking layer consisting of HfO, deposited on TiO, nanoparticles. Bottom
panel: The band diagram for each photoanode indicating possible electron recombination processes, such as (1) TiO,/electrolyte; (2) TiO,/dye;

and (3) ITO/electrolyte.

deposit conformal coatings with high compactness.'® The self-
terminating nature of ALD processes results in accurate control
over coating thickness, which is important to the operation of
DSSCs.

Depending on the photoanode interface where the blocking
layer is inserted, a variety of recombination processes could
potentially be suppressed. Inserting a blocking layer between
the TCO and TiO, interface is expected to suppress electron
recombination from the TCO to the electrolyte."* A blocking
layer between the TiO, and dye interface is likely to suppress
electron recombination from both the TiO, to the dye and
TiO, to the electrolyte.''' The successfulness of these
blocking layers on the performance of DSSCs has ranged
from minor improvements to significant increases. For instance,
by inserting blocking layers between the TiO,/dye interface,
Lin et al.'* increased efficiency from 5.75% to 6.50% while Li et
al.'® increased efficiency from 0.27% to 1.08%. By inserting
blocking layers between the TCO/TiO, interface, Xia et al.t*
increased efficiency from 3.5% to 4.5%.

While these studies consistently show improvement in cell
efficiency, the mechanism for suppression of electron
recombination at the interfaces often varies by material and
deposition method. For instance, some researchers suggest that
the effectiveness of these approaches is due to an energy barrier
established by the wide band gap of the blocking layer that
prevents the back flow of injected electrons.'* On the other
hand, dangling bonds and vacancies at the TiO, surface induce
surface states that have lower energy levels than the conduction
band edge in TiO,.'%*° Therefore, other studies claim that the
passivation of TiO, surface states from the blocking layer
results in the reduction of electron recombination.””'® While
many believe that any insulating blocking layer will be effective,
it is becoming clear that the conduction band position, surface
charge, and electrolyte have a role.”!
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To understand the respective role of blocking layers during
DSSC operation, electron recombination on both interfaces
(TCO/TiO, and TiO,/dye) should be compared on the same
device. This work focuses on how photovoltaic properties of
DSSCs are influenced by the inclusion of HfO, layers on
different interfaces of the photoanode. By inserting the blocking
layer at different interfaces and keeping all other fabrication
procedures identical, an understanding of how these layers help
suppress electron recombination can be achieved. HfO, is used
as the blocking layer material since it has a large band gap (5.8
eV).>> Up to 6 cycles of HfO, are applied by ALD onto either
the TCO or TiO, surface. DSSC devices are fabricated, and the
photovoltaic properties are evaluated and compared. Open-
circuit voltage decay (OCVD) measurements are used to
further understand electron recombination processes when
HfO, blocking layers are deposited onto TiO, nanoparticles.

B EXPERIMENTAL SECTION

Fabricating Photoanodes. ITO on glass (purchased from Thin
Film Devices Inc., US) was used as the TCO substrate. The substrate
was cleaned consecutively in water, ethanol, and acetone using
ultrasonication. TiO, paste (18NR-T, Dyesol Limited, Australia) was
applied onto ITO by “doctor blading” and annealed at 520 °C for 10
min. Figure S1 shows a typical cross-sectional SEM image of the TiO,
film on ITO. The thickness of each TiO, film was inspected by SEM
after annealing, and only the ones with a thickness of 12 & 1 yum were
used for device fabrication. Figure S1 also shows that the nanoparticles
are crystalline with diameters of approximately 20—30 nm. Three types
of photoanodes were fabricated: (a) control consisting of TiO,
nanoparticles on ITO; (b) TCO blocking layer consisting of HfO,
deposited on ITO; and (c) TiO, blocking layer consisting of HfO,
deposited on TiO, nanoparticles. To fabricate the TCO blocking layer
photoanode, HfO, was first deposited onto a clean ITO substrate by
ALD and the TiO, layer was subsequently deposited using the doctor
blade method described above. To prepare the TiO, blocking layer
photoanode, the TiO, layer was first deposited onto a clean ITO
substrate and annealed, followed by HfO, deposition by ALD. All
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ALD was performed on a Cambridge Nano Fiji 200 system at 175 °C
with tetrakis(dimethylamido)hafnium and H,O as the Hf and O
source, respectively. The nominal thickness of each ALD cycle deposit
is ~0.11 nm. HfO, deposition is not expected to affect the porosity of
the TiO, film since HfO, layers are thin and the measured dye loading
was the same before and after HfO, deposition (see Figure SS). X-ray
photoelectron spectroscopy (XPS) analysis confirmed the deposition
of HfO, (see Figure S2). A comparison of cell performance between
HfO, deposited on TiO, nanoparticles with and without additional
annealing at 520 °C for 10 min showed no difference in performance
(not shown). This result suggests that the additional annealing step
experienced by the HfO, layer deposited on ITO during the annealing
of TiO, nanoparticles was not a factor.

Preparing DSSC Device. The prepared photoanodes were dyed in
N719 (Dyesol) ethanol solution (concentration 3 mM) for ~12 h.
The counter electrode solution (CELS, Dyesol) was applied onto
cleaned ITO by spin coating and then annealed at 430 °C for 10 min
to achieve a thin Pt film. Scotch tape was used as the spacer between
the electrodes and the electrolyte was purchased from Dyesol (EL-
HPE). The two electrodes were held together by clips during device
testing. For each type of photoanode studied, 3—4 devices were tested
by illumination through a black aperture with an area of 0.08 cm’.
Pierce’s criterion was used to evaluate device performance statistics.

Characterization. The cells were tested under simulated global
AM 1.5 spectrum (XPS 200 coupled with 168, Solar Light Company,
US) with a power density of 100 mW-cm™. The light source was
calibrated with a Si reference cell (RCSi6S, PV Measurements, US)
before data collection. The J—V curves and OCVD measurements
were recorded by a potentiostat (VersaSTAT 3, Princeton Applied
Research, US). A two-terminal setup was used where working/sensing
electrodes were connected as one terminal and reference/counter
electrodes were connected as another terminal. During OCVD
measurements, cells were illuminated for a few seconds and the light
source was subsequently turned off. OCVD provides useful
information on electron-transfer kinetics by monitoring the transient
of open-circuit voltage (V,.) during the relaxation from the illuminated
quasi-equilibrium state to the dark equilibrium. The electron lifetime
(z,) was calculated from the slope of the decay curve,” 7, = (—kT/
e)(dV,./dt)™", where kg is the Boltzmann constant, T is the absolute
temperature, and e is the positive elementary charge. An FEI X140
SEM was used to examine the morphology of the nanoparticle TiO,
layer. TEM characterization was performed on a JEOL 2010F TEM. A
PerkinElmer 5100 XPS system was used to perform compositional
analysis.

B RESULTS AND DISCUSSION

Although the importance of studying the electron recombina-
tion losses of TCO substrates has been emphasized,”*** most
research has focused on depositing high band gap materials on
the TiO, nanoparticles'® '>'® rather than the TCO sub-
strate.”'* In this study, HfO, blocking layers were deposited on
both the TiO, nanoparticles and the TCO substrate by ALD.
DSSC devices were fabricated from each photoanode and
changes to the performance characteristics were determined.
Figure 1 illustrates the three types of photoanodes prepared:
(a) control consisting of TiO, nanoparticles on ITO without
ALD of HfO,; (b) TCO blocking layer consisting of HfO,
deposited on ITO; and (c) TiO, blocking layer consisting of
HfO, deposited on TiO, nanoparticles. The corresponding
band diagram for each ty?e of photoanode is adapted from Bills
et al®> and Lin et al.”> and shown below each type of
photoanode in Figure 1. Without blocking layers, the three
most significant electron recombination processes that hinder
performance are the loss of electrons from (1) TiO, to
electrolyte; (2) TiO, to dye; and (3) ITO to electrolyte, as
shown in the band diagram of Figure 1a. A HfO, blocking layer
on ITO is likely to suppress recombination process (3), as

shown in the band diagram of Figure 1b. On the other hand, a
HfO, blocking layer on TiO, nanoparticles is expected to
suppress recombination processes (1) and (2), as shown in the
band diagram of Figure lc. The effect of the blocking-layer
location on the photovoltaic properties are evaluated and
compared below.

HfO, Blocking Layer on ITO. Figure 2 shows the current—
voltage response of devices fabricated with different ALD cycles
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Figure 2. Current—voltage response of cells with different thicknesses
(ALD cycles) of a HfO, blocking layer on ITO (a) in the dark and (b)
under AM 1.5 illumination.

(thicknesses) of HfO, on the TCO substrate. The photovoltaic
properties for these devices are summarized in Table 1. Figure

Table 1. Photovoltaic Properties of Cells with HfO,
Blocking Layers on ITO

Vo [Vl Ji [mA-em™]  FF [%] n [%]

Control 066 + 002 1501 +006 650+ 0.6 645 + 003

1Cydeon 0694002 1591 +007 630+07 688+ 004
ITO

2Cycleon 068002 1638+008 635+07 709 +003
ITO

4Cyleon 070002 1609 005 608 +05 683 % 0.05
ITO

6 Cycleon 066 + 001 1573+ 005 629+ 08 651 + 005
ITO

“Average values and standard deviations are based on 3—4 devices.

2a shows the variation of dark current with different ALD
cycles. The magnitude of the dark current decreases monotoni-
cally with the number of ALD cycles. The smaller dark current
is because of the suppressing effect of the blocking layers as the
large band gap of HfO, creates an energy barrier that retards
electron flow from ITO to the electrolyte. The suppression of
this electron recombination process from ITO to the electrolyte
is likely to increase V. under illumination. Indeed, Table 1
shows that V increases with the number of ALD cycles for up
to 4 ALD cycles. The increase of V. with blocking layer
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deposition on TCO is in agreement with earlier work where
thin layers of Nb,O5 were applied onto FTO."*

Without a HfO, blocking layer, the control cell has an
efficiency (7) of 6.45% under illumination (see Figure 2a and
Table 1). Because of the improvements to both V. and short-
circuit current (J,.), the efficiency increased with a single ALD
cycle. The enhanced cell efficiency indicates that the electron
recombination from the ITO to the electrolyte has been
suppressed, as illustrated in Figure 1b. Cell performance was
not impacted adversely from the blocking layer since the
electrons are able to tunnel through the blocking layers during
electron transport from TiO, to ITO as long as the blocking
layers are thin enough (a few angstroms thick).'” Indeed, both
the series and shunt resistance remained relatively constant,
indicating that HfO, deposition up to 2 ALD cycles did not
have a significant impact on the internal resistance (see
Supporting Information) or the fill factor (FF) of the cells.
Improved performance occurs for HfO, deposition up to 2
ALD cycles, resulting in an efficiency of 7.09% that corresponds
to a 10% efliciency enhancement above the control photo-
anode. However, both 7 and ], start to decrease slightly when
additional ALD cycles are used. The decreased performance is
attributed to the resistive effect of thick HfO, since the
tunneling probability of electrons falls off exponentially with
coating thickness."?

HfO, Blocking Layer on TiO, Nanoparticles. Figure 3
shows the current—voltage response of cells with different ALD
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Figure 3. Current—voltage response of cells with different thicknesses
(ALD cycles) of a HfO, blocking layer on TiO, (a) under AM 1.5
illumination and (b) under dark conditions.

cycles of HfO, on TiO,. In comparison to the HfO, blocking
layer on ITO, the current—voltage response of the HfO,
blocking layer on TiO, in Figure 3a showed more variability
in the shape of the curve. The photovoltaic properties for these
cells are summarized in Table 2. It is seen that both V_and J.
increase with the number of ALD cycles for up to 2 cycles. The
Vi is determined by the energy difference between the Fermi
level of TiO, and the I"/I;~ redox couple." With blocking layers
on TiO,, the suppressed electron recombination results in
higher electron density within the conduction band of TiO,,
which leads to a rise of the Fermi level and, consequently,

Table 2. Photovoltaic Properties of Cells with HfO,
Blocking Layers on TiO,”

Voo [V] Ji [mA-cm™]  FF [%] n [%]

Control 0.66 + 002 1501 + 006 650 + 0.6 645 + 0.03

1Cyleon 067 +002 1636 =007 61006 665+ 0.03
TiO,

2 Cycdeon 070 +£001 1691 £008 616+ 07 725 % 0.04
TiO,

4Cydeon  0.66+001 1635+0.5 564 +07 610+ 0.05
TiO,

6 Cycle on 063 + 002 1660 + 007 468 +0.5 495 + 0.03
TiO,

“Average values and standard deviations are based on 3—4 devices.

higher V.. Shanmugam et al.'® and Ganapathy et al*® also

reported increases to V. when blocking layers are inserted.
While Ramasamy et al.'' saw significant increases in dye
loading for dip-coated HfO, blocking layers, the increase of ]
seen in Table 2 is not due to changes in dye loading (see
Supporting Information) but could be attributed to the increase
of electron density in the conduction band of TiO,."* These
increases to V. and ], for 2 ALD cycles or less occur without
significant increases to the series resistance (see Supporting
Information). Although the shunt resistance decreases even for
a single ALD cycle, the improvements to V. and J. yield higher
conversion efficiencies. For these reasons, a HfO, blocking
layer on TiO, with 2 cycles of ALD produced the best
performing cell of the study with a cell efficiency of 7.25%,
corresponding to an efficiency enhancement of 10.4%.

While the HfO, blocking layer on TiO, is beneficial up to 2
ALD cycles, the enhancement degrades quickly and becomes
detrimental to performance if additional cycles are used. After 2
ALD cycles, the series resistance starts increasing dramatically
and significantly impacts the performance of the cell (see
Supporting Information). Most notably, the higher series and
lower shunt resistance cause the fill factor to fall substantially.
The degradation of the resistances within the cell leads to a
rapid fall in efficiency as more than 2 ALD cycles are used.
Figure 3b also shows dramatic changes to the dark current—
voltage response of cells as the thickness of a HfO, blockin
layer on TiO, increases. Similar to the deposition of Nb,Os,”
the magnitude of the dark current increases with thicker
blocking layers of HfO,. Interestingly, there is an inflection in
the dark current at ~0.625 V for 4 and 6 ALD. For these
thicker blocking layers, the dark current is suppressed at higher
potentials.

The dramatic changes in both photocurrent and dark current
performance at different ALD cycles suggest that competing
effects are occurring within the cell as the number of cycles
increase. To better understand the processes that are occurring
within these devices as the HfO, blocking layer on TiO,
becomes thicker, open-circuit voltage decay (OCVD) measure-
ments were conducted. These transient measurements help
illustrate how electron recombination processes proceed under
dark conditions. Figure 4a shows that more ALD cycles result
in slower voltage decay, indicating slower electron recombina-
tion. The decay measurements once again show that there is a
unique change to the operation of the cell once 4 ALD cycles
coat the TiO, layer. Analysis of the decay measurements in
Figure 4b indeed show that a longer electron lifetime (7,) is
observed for increased ALD cycles. At a constant voltage of 0.5
V, Figure 4c shows that 7, in the DSSCs initially increases
linearly with up to 4 ALD cycles. However, 7, deviated
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Figure 4. (a) Normalized open-circuit voltage decay (OCVD) of
DSSCs when different cycles of HfO, are deposited onto TiO,. Note
that decay curves for 4 and 6 ALD cycles overlap. (b) Calculated
electron lifetime for the DSSC with different ALD cycles. (c)
Dependence of electron lifetime at a constant voltage of 0.5 V on the
number of ALD cycles of HfO,. Line is drawn for visual aid.

dramatically from the linear increase after 6 ALD cycles and
plateaued.

Without a HfO, blocking layer, the TiO, is in direct contact
with both dye molecules and electrolyte. As Figure la
illustrated, electron loss from the TiO, nanoparticles can
occur by recombination with either the electrolyte or the dye.
While both processes are possible, the recombination with the
electrolyte (process 1) typically dominates since the regener-
ation of the oxidized dye by the electrolyte is much faster than
the recombination of electrons with oxidized dye.*® If surface
states exist in TiO,, then electron recombination can also occur
with the electrolyte through these surface states. Therefore,
electron transport to the electrolyte can occur from either the
conduction band (1a) or from the trap states (1b) in the TiO,
layer under dark conditions, as shown in Figure Sa. In addition,
electrons are exchanged between the conduction band and trap
states (1c). Figure Sb shows the expected effect on dark current
if the HfO, blocking layer acts as an energy barrier. In this
situation, both pathway la and 1b are hindered by the energy
barrier. The reduced flow of electrons would ultimately lead to
lower dark current than the control sample. Indeed, decreased
dark current is routinely reported for blocking layers'>**” and
is analogous to the HfO, layer on ITO described above. If the
blocking layer passivates some of the surface states of the TiO,,
the magnitude of the dark current is expected to increase. This
electron loss is because the surface (trap) states immobilize
electrons and slow down electron transport.”**® Therefore,
passivating these surface states results in higher dark current, as
shown in Figure Sc. The increase in magnitude of dark current
with the number of ALD cycles on TiO, (Figure 3b) indicates
that initial HfO, depositions (up to 4 ALD cycles) passivated
surface states in TiO,. Continued deposition of HfO, (6 ALD
cycles) leads to a decrease in the dark current, suggesting thick
HfO, blocking layers form an energy barrier that eventually
hinders pathway la. Once this energy barrier is formed, a
dramatic decrease in cell efficiency is seen for thick blocking
layers (Table 2).

It is important to note that the longer electron lifetimes
observed in Figure 4 would not necessarily be expected for a
device that has higher dark current. However, an important
difference is that OCVD measurements are illuminated.

(a) Control

Dark current

(b) Energy Barrier

Lower dark current

(c) Surface-state Passivation

Higher dark current

Ec — -’_‘0. @ Ec —— = ." @
®~ -,.'. :".‘ @ | ',x:'.‘.
-@_-« 44
Epo— - - —— e — - = = = = Eredox
I5/1 13/1
) : ‘\Blocking
Tio, TiO, Layer
Blocking
Layer

Figure 5. Band diagrams illustrating electron recombination processes occurring under dark conditions from (a) control consisting of TiO,
nanoparticles on ITO and for a blocking layer deposited on TiO, nanoparticles if the blocking layer acts as either (b) an energy barrier or (c) a
surface-state passivation layer. Ep, is the position of the Fermi level at the dark, which equilibrates with the redox potential E .4, in the electrolyte,
and E is the conduction band energy. Possible electron pathways for dark current include recombination from either (1a) the TiO, conduction
band or (1b) the TiO, surface states to the electrolyte as well as (1c) electron exchange between the conduction band and surface states. Lower dark
current is expected in (b) since the energy barrier hinders electron transport, while higher dark current is expected in (c) since surface states that

slow down electron transport are passivated.
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Bisquert et al.”® showed that the electron lifetime should be a
function of the surface states as well as the internal temperature
of the DSSC. They have suggested that heating of the device
during illumination can explain such inversions at certain
distributions of trap states at the surface and bulk. If the energy
of the surface states is above the Fermi level, the resistance
decreases resulting in higher dark current. As the temperature
increases from illumination, the Fermi level is raised toward the
conduction band. Once the Fermi level is above the energy of
the surface states, the trapping rate decreases. This change to
the trapping rate increases the resistance, resulting in longer
electron lifetimes under illumination.

B CONCLUSIONS

Although inserting blocking layers between the interfaces of a
photoanode have been shown to improve the performance in
DSSCs, the respective role of blocking layers during DSSC
operation has not been compared on the same device to
understand the differences in electron recombination at the
TCO or TiO, interface. In this work, HfO, blocking layers are
inserted between the ITO/TiO, and TiO,/electrolyte inter-
faces. Although both blocking layers improved the performance
of the cell, the mechanism is different at each interface. HfO,
deposited onto ITO acted as an energy barrier layer that
suppressed electron recombination from ITO to the electrolyte.
The energy barrier was effective at reducing electron
recombination as long as the thickness of the blocking layer
was 2 ALD cycles or smaller. At thicknesses above 2 ALD
cycles, the decreased tunneling probability hindered perform-
ance. When HfO, was deposited onto TiO,, two distinct
regions were observed. For thin blocking layers, the HfO,
passivated the surface states of TiO, and resulted in longer
electron lifetimes. However, thicker blocking layers formed an
energy barrier that significantly degraded performance. The
improved cell performance characteristics yielded a maximum
efficiency of 7.09% and 7.25% for 2 ALD cycles of HfO, onto
ITO and TiO,, respectively.

B ASSOCIATED CONTENT

© Supporting Information

SEM and TEM images of TiO, nanoparticles, internal
resistances of DSSCs, UV—vis spectroscopy, and X-ray
photoelectron spectroscopy data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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